Background {#Sec1}
==========

Hybridization is widely used to generate varieties of angiosperms with agriculturally or horticulturally desirable traits. For this, and to optimize hybrid seed production, knowledge of plants' flowering and other reproductive processes is highly important, and plants with inducible male sterility can be particularly valuable \[[@CR1], [@CR2]\]. Analyses of mutants with perturbations of anther development, cloning and functional analyses of the genes involved, and transcriptional studies of key regulatory networks have elucidated many aspects of pollen development \[[@CR3]--[@CR8]\]. A key step is meiosis in the anther, which generates microspores that subsequently develop into mature pollen grains \[[@CR9]\].

Hybridization has been particularly valuable for improving yields of the staple crop rice (*Oryza sativa* L.)\[[@CR10]\]. For example, hybrid rice lines provide 15--20% higher yields than the best semi-dwarf inbred varieties used in China and elsewhere \[[@CR11]\]. Currently, hybrid seeds are usually produced by the cumbersome three-line breeding system. This involves the use of cytoplasmic male sterile (CMS) lines for which limited numbers of appropriate maintenance and restoration lines are available \[[@CR12]\]. However, photoperiod-sensitive and thermo-sensitive genic male sterile (PGMS and TGMS, respectively) lines have been recently developed, which allow simpler, cheaper, efficient, safe, two-line hybridization. No maintainer lines are required because PGMS/TGMS lines can serve as both sterile and maintainer lines under appropriate conditions, and negative effects due to sterile cytoplasm or use of cytoplasm from a single line are avoided \[[@CR13]\]. Moreover, almost all normal rice strains can restore the fertility of F1 hybrids generated using PGMS/TGMS lines. Consequently, rice breeders can freely choose cross combinations that exhibit strong heterosis to breed super-hybrid rice varieties \[[@CR14]\]. Therefore, the two-line system based on PGMS/TGMS lines is increasingly used for hybrid seed production \[[@CR15]\].

Numerous researchers have explored the genetic bases of PGMS/TGMS lines and mapped various genes associated with their male sterility on different chromosomes \[[@CR16]--[@CR29]\]. Some of these genes have also been cloned. An example is the *pms3* gene encoding a 1,236-base long noncoding RNA (lncRNA) in the PGMS line NK58S, described as a long-day--specific male-fertility--associated RNA (LDMAR) \[[@CR30]\]. Another is *p/tms12-1*, which encodes a small (21-nucleotide) noncoding RNA sequence \[[@CR31]\]. It confers PGMS and TGMS in the japonica and indica rice lines NK58S and Peiai 64S (PA64S, derived from NK58S), respectively \[[@CR31]\]. A new photoperiod-sensitive genic male sterile line carrying a mutation in the *carbon starved anther* (*CSA*) gene, a R2R3 MYB transcription factor that regulates pollen development, has been subsequently created \[[@CR32]\]. Recently, *thermosensitive genic male sterile 5* (*TMS5*) was cloned in AnnongS-1 (AnS-1) \[[@CR33]\]. Mutation of this gene causes the TGMS trait through a loss of RNase Z^S1^ (the short-form of RNase Z) function \[[@CR33]\]. RNase Z^S1^ can process the mRNAs of *Ub*~*L40*~ (*ubiquitin fusion ribosomal protein L40*), whose over-accumulation causes defective pollen production and male sterility \[[@CR33]\]. However, the molecular regulation of the sterility transitions in these lines is not well understood.

We have previously shown that Co27 (renamed TGMS-Co27 here) is a new type of TGMS rice line. A UDP-glucose pyrophosphorylase gene (*Ugp1*) is cosuppressed in the line by over-expression of a *Ugp1*-derived construct in an H1493 background \[[@CR34]\]. In the cited study we also showed that UGPase protein accumulated in TGMS-Co27 florets at low temperature, and that the sterility transitions of this line involve temperature-sensitive splicing. However, details of the molecular mechanisms involved are unknown. Therefore, in this work, we compared transcriptomic profiles of meiosis-stage inflorescences in TGMS-Co27 and wild-type (H1493) plants grown at high and low temperatures. The detected differences in expression profiles provide new insights into plants' responses to temperature changes during reproductive growth and the regulatory networks underlying pollen development in general. In addition, the observed expression profiles of some genes indicated that they are involved in the male sterility transition in TGMS-Co27. Our results represent a source of reference data that should be useful when analyzing the molecular mechanisms underpinning sterility transitions in other PGMS/TGMS rice lines.

Methods {#Sec2}
=======

Plant materials and growth {#Sec3}
--------------------------

Two rice lines were used in this study: the transgenic line TGMS-Co27 and the wild-type japonica variety Hejiang 19 (H1493).

For high temperature cultivation, TGMS-Co27 and H1493 plants were germinated on May 5, grown on May 8 and transplanted on June 3 in an experimental field at Wuhan University Institute of Genetics (Wuhan, China; 30.54°N, 114.36°E). For low temperature cultivation, TGMS-Co27 and H1493 plants were germinated on November 15, grown on November 18 and transplanted on December 12 in a paddy field at Lingshui (18.48°N; 110.02°E), Hainan province. This is a region of southern China that is suitable for growing rice in the winter. All experimental materials were transplanted in the fields with 16.7 cm spacing between plants within rows and 26.7 cm spacing between rows. Meiosis-stage inflorescences of randomly selected plants grown at high and low temperatures were harvested in July and January, when the daily average temperature was 28 and 20°C, respectively, and the photoperiod was 13.5-14 h and 12--12.5 h, respectively.

RNA isolation and microarray analysis {#Sec4}
-------------------------------------

During the meiosis stage, when florets were 2--3 mm long \[[@CR35], [@CR36]\], inflorescences were harvested from both lines under both sets of conditions. Total RNA was isolated using an RNAiso Plus kit (Taraka) following the manufacturer's recommendations. The transcriptomic profiles of the florets were then explored using standard Affymetrix instruments, protocols and software (obtained from ShanghaiBio Corp.). More specifically, the signal intensities for each probe set on the generated GeneChip microarrays were detected with a GeneChip® Scanner 3000. The raw signals were then analyzed with GeneChip Operating software, with quantile normalization using MAS 5.0 to standardize the distribution of probe intensities for each array in compared sets.

Microarray data analysis {#Sec5}
------------------------

All transcriptomic data from samples of three biological replicates of both lines grown under both conditions were analyzed by Principal Component Analysis (PCA) using the SBC Analysis System (<http://www.ebioservice.com/>) and hierarchical clustering (HCL) using MultiExperiment Viewer (Version 4.0). Differentially expressed gene (DEG) analysis was performed using the limma package \[[@CR37]\] with fold-change and probability criteria of ≥ 2.0 and \< 0.05, respectively. Heatmaps were then constructed using Genesis (Version 1.7.6).

Gene ontology (GO) annotations of detected DEGs were downloaded from the US National Center for Biotechnology Information (<http://www.ncbi.nlm.nih.gov>), UniProt (<http://www.uniprot.org>), and GO (<http://www.geneontology.org>). The elim Fisher algorithm was used to iteratively remove genes mapped to significant GO terms from more general (higher-level) GO terms and and thereby ensure that the former were not overshadowed by the latter \[[@CR38]\]. Gene ontology categories with P values \< 0.01 were selected.

Quantitative RT-PCR (qRT-PCR) and semi-quantitative RT-PCR {#Sec6}
----------------------------------------------------------

Total RNA samples (1 μg) from meiosis-stage florets were treated with DNase I (Fementas) and used to synthesize cDNA with oligo(dT) primers and a RevertAid™ First Strand cDNA Synthesis Kit (Fermentas), following the manufacturer's recommendations. The cDNAs were then amplified by Real-time quantitative PCR (qPCR) using a BioRad CFX96 Real-Time System and SYBR Green PCR Master Mix (Applied Biosystems). Expression levels of all detected sequences were normalized to those of the housekeeping genes *β-actin*, *UBQ5* and *SDHA*. Relative fold expression changes of genes, between lines and conditions, were calculated using the Pfaffl method \[[@CR39]\]. Semi-quantitative RT-PCR analysis was performed using a temperature program involving initial denaturation at 94°C for 2 min, followed by an appropriate numbers of cycles (for linear amplification) of 94°C for 30 sec, 55°C for 30 sec and 72°C for 2 min, and then a final extension at 72°C for 10 min. Takara EX Taq™ polymerase was used in all semi-quantitative RT-PCR reactions. The amplified PCR products were resolved by electrophoresis in 1% agarose gels. The RT-PCR products were sequenced to ensure that they were derived from the targeted genes. Primers used in the PCR experiments are listed in Additional file [1](#MOESM1){ref-type="media"}.

RNA gel blot analysis {#Sec7}
---------------------

Total RNA was separated on a denaturing 1.5% formaldehyde agarose gel. Loading of equal amounts of RNA was confirmed by ethidium bromide staining. The RNA was transferred to a Hybond N*+* membrane (Amersham Pharmacia Biotech). *Ugp1* ORF was amplified as probe which was labeled with \[α-^32^P\]dCTP using the Prime-a-Gene labeling system (Promega), and the membrane was hybridized for at least 10 h at 65°C with the labeled probes. The resulting blots were washed for 15 min at 65°C in 1 *×* SSC and 0.2% SDS followed by 15 min at 65°C in 0.5 × SSC and 0.1% SDS. The membrane was then exposed to storage phosphor screens (Amersham Biosciences), and the hybridization signals were detected using a Typhoon PhosphorImager (Amersham Biosciences).

Protein extraction and gel blot analysis {#Sec8}
----------------------------------------

Proteins were extracted from meiosis-stage florets, electrophoretically separated and electroblotted. They were then probed immunologically as previously described \[[@CR34]\], except that the secondary antibody was goat anti-rabbit IgG (diluted 1:7500 in TBS-T and 1% BSA) conjugated to horseradish peroxidase (HRP). Signals were subsequently quantified by chemiluminescentce using the WBKLS0500 Immobilon Western HRP Substrate (Millipore, USA), BioMax MR X-ray films (Kodak, USA) and a GS-800 scanner (Bio-Rad Laboratories, CA, USA) operated in transmission mode following the manufacturers' instructions.

Gene co-expression network analysis {#Sec9}
-----------------------------------

Gene co-expression network analysis was performed to track interactions among the identified DEGs according to their normalized signal intensities in our microarrays. Pearson correlation analysis was applied to each pair of genes and significantly correlated pairs (i.e. Pairs with absolute Pearson correlation coefficients \> 0.99) were used to construct the network \[[@CR40]\]. In addition, to identify key regulatory genes in the networks, k core-scoring was performed to facilitate subsequent graph topology analysis \[[@CR41], [@CR42]\]. The k core-score of a given gene indicates its hub or nodal status with respect to *k* other genes in a network \[[@CR41], [@CR42]\]. The genes with the highest k core-scores and degrees of connection were thus identified as "key regulatory genes" in the generated network \[[@CR43]\].

Results and discussion {#Sec10}
======================

Phenotypes and *OsUgp1*expression in TGMS-Co27 and H1493 lines {#Sec11}
--------------------------------------------------------------

We previously found that high temperature induces male sterility in TGMS-Co27 by *Ugp1* cosuppression mediated by over-expression of a construct encoding aberrant *Ugp1* transcripts containing the *Ubi1* intron \[[@CR34]\]. In the cited study we also found indications that this line's fertility is restored at low temperature by RNA splicing, which yields *Ugp1* transcripts, albeit at lower than wild-type levels \[[@CR34]\]. Accordingly, in the present study TGMS-Co27 was completely male sterile under natural summer conditions in Wuhan but fertile in winter in Lingshui (i.e. the "high temperature" and "low temperature" growth conditions, respectively, as described in the *Materials and methods* section; Figure [1](#Fig1){ref-type="fig"}A). In contrast, the wild type line (H1493) was fertile under both conditions (Figure [1](#Fig1){ref-type="fig"}B).Figure 1**Phenotypes and** ***OsUgp1*** **expression of H1493 and TGMS-Co27 plants grown at high and low temperature. A**. Phenotypes of TGMS-Co27 plants grown at high temperature (left) and low temperature (right). **B**. Phenotypes of H1493 plants grown at high temperature (left) and low temperature (right). **C**. Results of Western blotting analysis of the abundance of UGPase proteins in florets of H1493 and TGMS-Co27 plants grown at high temperature and low temperature. **D**. Results of qPCR analysis of *OsUgp1* gene expression in the florets. Total *Ugp1* mRNAs include endogenous and transgenic *Ugp1* mRNAs. **E**. Semi-quantitative RT-PCR analysis of the expression of the correctly spliced transgenic *Ugp1* mRNAs. The presence of equal quantities of template in each reaction was verified by amplifying a constitutively expressed actin. H1493HT and H1493LT refer to H1493 plants grown at high temperature and low temperature, respectively. Co27HT and Co27LT refer to TGMS-Co27 plants grown at high temperature and low temperature, respectively.

Western blotting indicated that fertility reversion at low temperature in TGMS-Co27 is due to accumulation of UGPase protein in florets (Figure [1](#Fig1){ref-type="fig"}C). We designed PCR primers targeting the 3' untranslational region and the open reading frame (ORF) of the *Ugp1* gene to detect endogenous *Ugp1* transcripts and total *Ugp1* transcripts (including endogenous and transgenic *Ugp1* transcripts), respectively. Our qRT-PCR analysis indicated that transcription of the endogenous *Ugp1* was strongly suppressed in TGMS-Co27 florets under both growth conditions. In contrast, expression of total *Ugp1* mRNA was higher at low temperature than at high temperature (Figure [1](#Fig1){ref-type="fig"}D). We also designed PCR primers to detect the correctly spliced transgenic *Ugp1* transcripts by amplifying the sequence between the exon of the *Ubi1* promoter and the termination codon of *Ugp1* (Figure [1](#Fig1){ref-type="fig"}E). More correctly spliced transgenic *Ugp1* transcripts were accumulated in TGMS-Co27 plants at low temperature than at high temperature. By combining the results of these genetic analyses, we were able to show that the slightly higher expression of total *Ugp1* mRNA in TGMS-Co27 under low temperature conditions is caused by the correctly spliced transgenic *Ugp1* mRNAs. These results are consistent with previous findings \[[@CR34]\]. We also unexpectedly detected a slight increase in the expression of total *Ugp1* mRNA in TGMS-Co27 under both conditions. This might be partly due to artefacts arising from partial reverse transcription of longer-than-full-length transcripts and RNA degradation intermediates that were detectable by qRT-PCR but not by semi-quantitative RT-PCR. In accordance with previous studies, the abundance of correctly spliced *Ugp1* mRNAs in TGMS-Co27 florets remained low under both growth conditions and these mRNAs could not be detected by northern blot analysis (Additional file [2](#MOESM2){ref-type="media"}: Figure S1) \[[@CR34]\]. These findings indicate that both temperature-sensitive splicing and translational regulation may be important for fertility reversion in TGMS-Co27 plants. To identify genes involved in the fertility reversion process, we used Affymetrix microarray analysis to construct transcriptome profiles of florets of both lines grown under both conditions by Affymetrix microarray analysis. Meiosis-stage inflorescences were used for this because pollen mother cells (PMCs) of TGMS-Co27 plants begin to degenerate at this stage \[[@CR34]\]. Samples from H1493 plants grown at high temperature, TGMS-Co27 plants grown at high temperature, H1493 plants grown at low temperature and TGMS-Co27 plants grown at low temperature were named H1493HT, Co27HT, H1493LT and Co27LT, respectively.

Global analysis of the microarray data {#Sec12}
--------------------------------------

Our microarray experiments identified a total of 57,258 probe sets expressed in at least one of the four sets of samples. For quality control, we compared expression files obtained for all of the samples by PCA to ensure that samples representing plants of the same lines grown under the experimental conditions were similar (Figure [2](#Fig2){ref-type="fig"}A). Hierarchical clustering (HCL) of the data also indicated clear separation of samples representing different lines and different growth conditions (Figure [2](#Fig2){ref-type="fig"}B). Comparisons of the Co27HT vs. H1493HT, Co27LT vs. H1493LT, Co27LT vs. Co27HT and H1493LT vs. H1493HT datasets detected 2581, 2287, 10415 and 8637 probe sets representing 1054, 1017, 6292 and 5339 DEGs with a fold-change (FC) ≥ 2.0 and p-value \< 0.05. These observations clearly indicate that the differences between the two growth conditions affected global gene expression more strongly than the genetic differences between the two lines in our four sets of samples. This is consistent with previous findings that temperature affects the expression of far more genes (thousands) than male sterility mechanisms mediated by a single dominant gene (hundreds) \[[@CR7], [@CR8], [@CR44], [@CR45]\].Figure 2**Global analysis of microarray data.** Figures **A** and **B** show the high reliability and reproducibility of the data. **A**. Principal component analysis (PCA) score plots, and **B**. hierarchical clustering (HCL) of the samples. **C**. Venn diagram of expression profiles of differentially expressed genes (up-regulated and down-regulated) detected in the microarray analysis. The sample names are the same as those in Figure [1](#Fig1){ref-type="fig"}C.

The expression status of the DEGs are illustrated in the Venn diagram shown in Figure [2](#Fig2){ref-type="fig"}C. Details of the included DEGs are provided in Additional files [3](#MOESM3){ref-type="media"}.

DEGs between TGMS-Co27 and H1493 at high temperature {#Sec13}
----------------------------------------------------

To elucidate the gene network regulating the temperature-inducible male-sterility of TGMS-Co27, we first examined the 1054 genes that were differentially expressed in TGMS-Co27 and H1493 grown at high temperature (Co27HT vs. H1493HT). There was no significant difference between the numbers of up-and down-regulated genes in Co27HT relative to H1493HT. The functions of the genes exhibiting differential expression between the two lines were investigated by assigning Gene Ontology (GO) categories and enrichments to the up- and down-regulated DEGs (Figure [3](#Fig3){ref-type="fig"}; Additional file [4](#MOESM4){ref-type="media"}). Based on the assigned GO terms, genes involved in developmental processes (including transmitting tissue development and aging), cellular processes involved in reproduction, responses to stimuli (e.g. responses to endogenous stimuli, detection of external stimuli and responses to herbivores), jasmonic acid (JA)-mediated metabolic processes and secondary metabolic process were enriched in the up-regulated genes. These findings indicate that the absence of normal anther development induces genetic buffering mechanisms via activation of development-, reproduction- and stress-related genes in the male sterile line. The involvement of JA-associated genes is consistent with expectations because in addition to responses to biotic and abiotic stresses, JA also plays pivotal roles in reproduction \[[@CR46]\]. Mutants with lesions in various JA biosynthetic enzymes have been shown to be male sterile and defective in pollen maturation and release \[[@CR47], [@CR48]\]. In contrast, enrichment of genes involved in many other biological processes (including sporopollenin biosynthesis, pollen wall assembly, pollen exine formation and callose deposition in cell walls) was detected in the repressed sets of genes. These processes are mainly related to pollen development (Additional file [2](#MOESM2){ref-type="media"}: Table S1; Additional file [5](#MOESM5){ref-type="media"}). UGPase is a key enzyme in carbohydrate metabolism, playing crucial roles in cell wall biosynthesis and callose deposition in cell walls \[[@CR49]\]. It also plays a major role in pollen formation and maturation \[[@CR49]\], as PMCs and meiotic tetrads are surrounded by callose before meiosis and the formation of the pollen grain wall, respectively \[[@CR50]\]. Our microarray, qPCR, northern blotting and western blotting analyses demonstrated that the expression of *Ugp1* (*LOC_Os09g38030*) was much weaker in Co27HT than in H1493HT. Therefore, the expression of these pollen development-related genes may be influenced by low *Ugp1* expression levels. These findings indicate that the anther development regulation network is perturbed in TGMS-Co27 at high temperature.Figure 3**GO analysis of DEGs between H1493 and TGMS-Co27 at high temperature.** Black and white bars indicate up- and down-regulated genes in Co27HT, respectively.

DEGs between TGMS-Co27 grown under the two conditions {#Sec14}
-----------------------------------------------------

To further explore the molecular regulation of sterility transitions in TGMS-Co27, we focused on DEGs between TGMS-Co27 plants grown at high and low temperatures (Co27LT vs. Co27HT). Far more DEGs (10415 probe-sets representing 6292 genes) were detected than in the Co27HT vs. H1493HT comparison, so differences in growth conditions account for most of the significant transcriptomic differences detected. Accordingly, numerous genes were differentially expressed in H1493 under the two growth conditions (8637 probe-sets representing 5339 genes), although there were no obvious phenotypic differences between them. We applied series-cluster analysis to the 10415 probe sets that were differentially expressed in TGMS-Co27 at high and low temperatures to explore the expression dynamics of the corresponding genes in the four sample types. These probe-sets were classified into 25 clusters (Additional file [6](#MOESM6){ref-type="media"}), but they were only significantly enriched in seven clusters. Six of these clusters were very significantly separated from the others and could be divided into three pairs of antagonistic clusters (Figure [4](#Fig4){ref-type="fig"}). Each of these six contained more than 300 probe-sets.Figure 4**Significant clusters (p-value \< 0.05) of genes differentially expressed between Co27HT and Co27LT.** The four points on the abscissa represent the four sample types, from left to right: H1493HT, Co27HT, Co27LT and H1493LT. The digits in the top and lower left corners indicate cluster numbers and numbers of differentially expressed genes in the corresponding clusters, respectively. The sample names are the same as those in Figure [1](#Fig1){ref-type="fig"}C.

Clusters 18 and 7 include genes that were either most strongly or most weakly expressed in Co27HT. The cluster 18 sub-set that was highly expressed in Co27HT was enriched in genes associated with stress responses, like the pattern observed in Co27HT relative to H1493HT samples, as discussed in the preceding section (Additional file [7](#MOESM7){ref-type="media"}). More excitingly, some genes involved in mRNA catabolic processes were significantly enriched in cluster 7 (Additional file [7](#MOESM7){ref-type="media"}). Cluster 11 and 14 were enriched in genes that were most strongly or weakly expressed in Co27LT, and genes related to responses to various stresses and stimuli (e.g. defense, water deprivation and cold responses) (Additional file [7](#MOESM7){ref-type="media"}). These findings indicate that expression of some stress-related genes in TGMS-Co27 was perturbed at low temperature as well as high temperature.

Clusters 10 and 15 included the largest number of DEGs (1774 and 1905 genes with GO annotations, respectively), corroborating the broad impact of growth conditions on gene expression. GO assignations of cluster 10 indicated that it was enriched in many genes involved in low temperature response (e.g. lipid transport and responses to cold and oxidative stress) (Additional file [2](#MOESM2){ref-type="media"}: Figure S2; Additional file [7](#MOESM7){ref-type="media"}). A considerable number of genes related to these stress responses were also found in cluster 15 (Additional file [2](#MOESM2){ref-type="media"}: Figure S2; Additional file [7](#MOESM7){ref-type="media"}). However, small numbers of photoperiod response-related genes were found in both clusters (Additional file [2](#MOESM2){ref-type="media"}: Figure S2; Additional file [7](#MOESM7){ref-type="media"}). This is consistent with a previous report that day length only regulated the expression of 100--200 genes in NK58S \[[@CR51]\]. Similarly, another study showed that a shift from high to low temperatures caused more pronounced changes in the protein expression patterns of peach trees than did a shift from long to short photoperiods \[[@CR52]\]. These results indicated that temperature rather than day length was the main environmental factor affecting global gene expression in our sampled plants. As temperatures at both sites were suitable for rice growth, the detected differences in gene expression indicate that plants may fine-tune their expression profiles via adaptive responses to temperature changes that optimize their growth and reproduction processes. In accordance with this hypothesis, two rice *CBF/DREB* (C-repeat-binding factors/dehydration-responsive element-binding factors) genes, *LOC_Os09g35030* and *LOC_Os06g03670* (homologs of Arabidopsis *CBF2* and *CBF3* genes, respectively), were induced by low temperature. CBF/DREBs are well known cold-responsive transcriptional activators, and their overexpression of CBF/DREBF reportedly increases freezing tolerance in Arabidopsis and rice \[[@CR53], [@CR54]\]. These results indicate that the molecular mechanisms involved in plants' chilling and cooling responses have common elements.

More significantly in the context of this study, cluster 15 was enriched in genes related to DNA replication, repair and recombination; chromosome organization; and cell cycling (meiosis and mitosis), division and proliferation (Additional file [7](#MOESM7){ref-type="media"}). This is consistent with the importance of meiosis in the sexual reproduction of rice for formation of haploid spores and gametes. It is also the most sensitive stage to various stimuli because most male fertility perturbations occur during meiosis \[[@CR55]\], including perturbations that occur in PMCs in TGMS rice lines. For example, PA64S plants are reportedly completely male sterile when grown at high temperatures (25--30°C), but male fertile when exposed to lower temperatures (21--23°C) during the microspore mother cell (MMC) to meiosis stages \[[@CR31]\]. The fertility of many other TGMS rice lines is also temperature-sensitive between the stages of the pistil/stamen primordium-formation and meiosis \[[@CR56]\]. Furthermore, combinations of low temperature and long photoperiods or high temperature and short photoperiods may reduce male fertility in PGMS rice plants. Notably, the male fertility of Nongken58S and W6154S (PGMS lines whose male fertility is mainly photoperiod- and temperature-dependent, respectively) is thermosensitive from panicle primordium differentiation and from stamen/pistil primordium formation to the single nuclear pollen stage, respectively \[[@CR57]\]. Thus, although reported thermosensitive phases differ among PGMS/TGMS rice lines, they all include the most sensitive meiosis stage and temperature is a common regulator. The low temperature-induced genes in cluster 15 may help PMCs progress to meiosi, so this cluster appears to contain the genes with the greatest impact on PGMS/TGMS processe. This finding will hopefully support detailed investigations into the molecular mechanisms involved in sterility transitions in various other PGMS/TGMS rice lines.

TGMS related-genes in TGMS-Co27 {#Sec15}
-------------------------------

As already mentioned, TGMS-Co27 plants reverted to fertility and accumulated UGPase protein in their inflorescences at low temperature. While *Ugp1* remained cosuppressed in these plants, the levels of correctly spliced *Ugp1* mRNAs that accumulated in them were far greater than those observed in Co27HT plants, although lower than the wild-type levels. Therefore, we hypothesized that the DEGs between Co27LT and Co27HT involved in post-transcriptional and translational process may have important functions in TGMS. In accordance with this hypothesis, temperature- and/or photoperiod-sensitive post-transcriptional regulation of key transcripts has been detected in other PGMS/TGMS rice lines. For example, processing of LDMAR (see *Introduction*) in Nongken58S and a non-coding RNA expressed from the corresponding locus in the indica line PA64S is involved in their PGMS/TGMS transitions \[[@CR30], [@CR31]\]. In addition, RNase Z^S1^-mediated *Ub*~*L40*~ mRNA regulation causes a TGMS trait in *tms5* rice mutants \[[@CR33]\]. Temperature- and photoperiod-sensitive translation is also important in various other organisms. For example, temperature-sensitive translational regulation of FREQUENCY (FRQ) contributes to temperature sensing by the circadian clock of *Neurospora crassa* \[[@CR58], [@CR59]\], and light-sensitive translational regulation of DOUBLETIME contributes to circadian period modulation in *Drosophila* \[[@CR60]\].

As also mentioned, 10415 probe-sets representing 6292 genes were differentially expressed between Co27LT and Co27HT. According to the GO terms in Table [1](#Tab1){ref-type="table"}, 178 probe-sets representing 156 of these DEGs may be directly involved in TGMS-related post-transcriptional and translational processes (Table [1](#Tab1){ref-type="table"}; Additional file [8](#MOESM8){ref-type="media"}). In addition, hierarchical clustering (HCL) of the expression profiles of these 178 probe-sets in the four sample types revealed that about two-thirds of them were up-regulated in Co27LT relative to Co27HT (Table [1](#Tab1){ref-type="table"}; Additional file [2](#MOESM2){ref-type="media"}: Figure S3; Additional file [8](#MOESM8){ref-type="media"}). However, most of these genes were not differentially expressed between TGMS-Co27 and H1493 at either high or low temperature (Additional file [2](#MOESM2){ref-type="media"}: Figure S3). We also matched these 156 genes to the 25 clusters we previously identified (Additional file [8](#MOESM8){ref-type="media"}). Eighty-six genes were significantly (p = 0.012) included in cluster 15, confirming that this is the most important cluster for fertility alteration in TGMS rice lines. In contrast, 16 genes were included in clusters 7 and 8, which contained genes that were particularly weakly expressed in Co27HT.Table 1**GO annotations of TGMS-related genes**GO IDGO termGene number.UpDown**GO:0006397**mRNA processing157**GO:0000398**mRNA splicing, via spliceosome1310**GO:0008380**RNA splicing119**GO:0031123**RNA 3\'-end processing21**GO:0000966**RNA 5\'-end processing10**GO:0006378**mRNA polyadenylation10**GO:0043484**Regulation of RNA splicing10**GO:0006412**Translation5838**GO:0006417**Regulation of translation125**GO:0006413**Translational initiation64**GO:0006414**Translational elongation33**GO:0006415**Translational termination21**GO:0006446**Regulation of translational initiation10**GO:0017148**Negative regulation of translation11**GO:0045727**Positive regulation of translation30**GO:0045900**Negative regulation of translational elongation10**GO:0045901**Positive regulation of translational elongation01**GO:0045905**Positive regulation of translational termination01**GO:0045947**Negative regulation of translational initiation01The up and down gene numbers indicate the numbers of genes that were expressed more strongly in TGMS-Co27 plants at low temperature than at high temperature and vice versa, respectively.

We constructed a gene co-expression network based on the normalized signal intensities of the 156 DEGs in our microarrays (Figure [5](#Fig5){ref-type="fig"}; Additional file [9](#MOESM9){ref-type="media"}) to examine possible functional linkages among them \[[@CR61]\]. The genes' "k core-scores" (see *Materials and methods*) were used to identify "key regulatory" genes within this set, i.e. genes that have high networking degrees and appear to govern the interactions among the DEGs. Fifty-eight genes were assigned k core-scores exceeding 20 (Additional file [9](#MOESM9){ref-type="media"}), 39 and 19 of which were included in clusters 15 and 10, respectively. According to their GO annotations, 11 and 29 genes included in cluster 15 have functions in post-transcriptional and translational processes, respectively, and one participates in both of these processes (Additional file [9](#MOESM9){ref-type="media"}).Figure 5**Co-expression network of the 156 TGMS-related differentially expressed genes.** The color of each circle indicates the k core-scores of the corresponding genes, according to the key in the lower left corner, and its size indicates the k-core score of the genes.

Post-transcriptional processes are very important in the regulation of eukaryotic gene expression and are associated with numerous plant responses to abiotic stresses \[[@CR62]\]. One of the key processes is alternative splicing, which can increase protein diversity and affect mRNA stability \[[@CR63], [@CR64]\]. This occurs in the spliceosome, which contains abundant small nuclear RNAs (snRNAs) and about 170 proteins, including various RNA-binding proteins, RNA-dependent ATPases, RNA helicases and protein kinases involved in splicing regulation \[[@CR64]--[@CR67]\].

Two of the 17 "key regulatory" genes (*LOC_Os06g08840* and *LOC_Os02g39720*), which encode Arg/Ser-rich domain (RS)-containing zinc finger proteins (OsRSZp21a and OsRSZp23, respectively), were down-regulated in Co27LT compared with Co27HT. Expression of *RSZpZ23* is also reportedly decreased in *japonica* and *indica* rice, while *RSZpZ21a* is up-regulated in *japonica* rice but down-regulated in *indica* rice, under cold stress \[[@CR68]\]. Our results show that *RSZpZ23* was down-regulated in both rice lines at low temperature, but *RSZpZ21a* was down-regulated in Co27LT. RSZp21a, RSZp21b and RSZp23 are three human 9G8-type proteins that have a RNA recognition motif (RRM) and a RS domain separated by a CCHC-type zinc knuckle \[[@CR68]\]. RSZp23 has been shown not only to increase splicing efficiency but also to alter the selection of 5' splice sites of the *Wx*^*b*^ intron and might affect other steps in RNA processing and translation \[[@CR69]\]. Serine/arginine-rich (SR) proteins play important roles in both the constitutive and alternative splicing of pre-mRNA \[[@CR70]\]. We detected weak expression of these proteins (which may be crucial for the correct splicing of exogenous *Ugp1* transcripts at low temperature) in Co27LT.

In addition, a polypyrimidine tract-binding protein (PTB)-encoding gene (*LOC_Os03g25980*) was up-regulated in both rice lines at low temperature. PTBs are key splicing factors that influence splice site selection and orchestrate coordinated splicing programs during developmental processes. Notably, two Arabidopsis *PTB*-related genes (*AtPTB1* and *AtPTB2*) are reportedly involved in pollen germination \[[@CR71], [@CR72]\]. Therefore, stronger expression of the *PTB* gene is likely important for the correct splicing of exogenous *Ugp1* mRNAs and restoring fertility in TGMS-Co27 plants at low temperature. As these genes involved in alternate splicing were temperature-regulated, transcripts of selected SR genes that are known to be alternatively spliced \[[@CR69], [@CR73]\] were analyzed to explore the influence of temperature on their splicing patterns (Additional file [2](#MOESM2){ref-type="media"}: Figure S4). We found that low temperature had dramatic effects on the splicing pattern of *SR33*, *SCL26* (*SC35-like family*), *SCL30* and *RSZ37*. Although *SCL30a* did not show temperature-related differences in splicing patterns, its expression pattern was very similar to that of *Ugp1*, corroborating the conclusion that *SR* genes may be involved in temperature-sensitive alternative splicing of *Ugp1*. These results clearly indicate that low temperature affects the global splicing of mRNAs.

Two DEAD/DEAH box RNA helicase-encoding genes, *HEN2* (*HUA enhancer 2*; *LOC_Os11g07500*) and *SKIV2L2* (*superkiller viralicidic activity 2-like 2*; *LOC_Os12g18140*), were also up-regulated in Co27LT. *AtHEN2* is highly expressed in *Arabidopsis* inflorescences, specifically in their meristems and developing flowers, where it is apparently required for maintenance of expression of MADS-box genes, class B and C \[[@CR74]\]. A homologue of the *SKIV2L* genes in Arabidopsis is *MTR4*, which encodes a HEN2-homologous protein required for proper rRNA biogenesis \[[@CR75]\]. Plants lacking AtMTR4 are viable but have several developmental defects, including aberrant vein patterning and pointed first leaves \[[@CR75]\]. DExD/H box RNA helicases have multiple functions in transcriptional processes that involve multi-step association/dissociation of large ribonucleoprotein (RNP) complexes and modulation of complex RNA structures, including pre-mRNA processing, ribosome biogenesis, RNA turnover, RNA export and translation \[[@CR76]\]. Thus, the higher expression levels of these two genes in Co27LT indicate that they may also be important in the TGMS process.

C2H2 zinc finger proteins (ZFPs) constitute one of the largest nucleic acid-binding protein families in eukaryote genomes. They have diverse functions, from DNA or RNA binding to involvement in protein-protein interactions. ZFPs of *Oryza sativa* are called ZOS and the corresponding genes are numbered in the order of their physical positions on the chromosomes \[[@CR77]\]. The TIGR database includes 179 *ZOS* genes with corresponding locus IDs, some of which are regulated by abiotic (e.g. cold, dehydration and salt) stresses \[[@CR77]\]. Expression of C2H2 family genes is particularly strong during panicle development in rice \[[@CR78]\], and one (*STAMENLESS 1*, *SL1*) is involved in floral development \[[@CR79]\]. We found that expression of *ZOS8-11* (*LOC_Os08g40560*) was down-regulated in Co27HT compared with H1493HT, but restored to normal levels in TGMS-Co27 plants at low temperature. Thus, it may have a different mode of action to other genes involved in splicing. Another "key regulatory" gene involved in post-transcriptional processes (*LOC_Os06g38980*), which was up-regulated in Co27LT, encodes a polyadenylate-binding protein. This is an essential, well-conserved, multifunctional protein that is involved in polyadenylation, export of mRNAs to the cytoplasm, translation initiation, translation termination, mRNA biogenesis and degradation \[[@CR80], [@CR81]\]. In summary, our results indicate that RS-containing zinc finger proteins, PTBs, DEAD/DEAH box RNA helicases, ZOS, one or more polyadenylate-binding proteins, and some other RRM-containing proteins are important for post-transcriptional processes involved in TGMS (Table [2](#Tab2){ref-type="table"}).Table 2**Candidate TGMS-related genes**Query symbolprobeIDDescriptionE-ValueSubject symbollogFC_Co27H/HHlogFC_Co27L/ Co27HlogFC_HL/HH**SplicingLOC_Os06g08840**OS.7772.2.A1_ATOsRSZp21a5.00E-42AT4G31580.20.14**-1.02**-0.8**LOC_Os02g39720**OsAffx.2920.1.S1_s\_atOsRSZp236.00E-39AT4G31580.20.37**-1.62-1.4LOC_Os03g25980**OS.7952.1.S1_ATPolypyrimidine tract-binding protein5.00E-172AT3G01150.2-0.12**1.11.04LOC_Os11g07500**OS.14143.1.S1_ATHUA enhancer 20AT2G06990.1-0.03**1.41.4LOC_Os12g18140**OS.47607.1.S1_ATSuperkiller viralicidic activity 2-like 20AT1G59760.1-0.16**1.24**0.99**LOC_Os08g40560**OS.15831.2.S1_ATZOS8-110AT2G27100.1**-2.282.4**0.06OSAFFX.6095.1.S1_S\_AT-0.87**1.64**0.73OS.15831.3.S1_AT0.29**1.892.15**OS.15831.3.S1_X\_AT0.14**1.811.73LOC_Os01g72834**OS.6252.1.S1_ATRNA recognition motif containing protein8.00E-52AT1G33470.2-0.18**1.04**0.87**LOC_Os03g15890**OS.12705.1.S1_ATRNA recognition motif containing protein3.00E-37AT1G07350.2-0.35**1.51.29**OS.12705.2.S1_X\_AT-0.17**1.091.11LOC_Os05g30980**OS.8371.1.S1_X\_ATRNA recognition motif containing protein3.00E-126AT4G03110.2-0.19**1.06**0.78OS.8371.2.S1_AT-0.16**1.1**0.91**mRNA processingLOC_Os06g38980**OS.51905.1.S1_ATPolyadenylate-binding protein5.00E-154AT1G22760.1-0.5**1.4**0.7OSAFFX.5057.1.S1_S\_AT-0.04**1.31.53Translation initiationLOC_Os05g51500**OS.12337.1.S1_ATeIF5B0AT1G76810.1-0.25**1.591.09**OS.12337.2.S1_X\_AT0.2**1.271.32Ribosomal proteinsLOC_Os08g03450**OS.50740.1.S1_ATRibosomal protein L378.00E-41AT1G15250.1-0.6**2.341.86**OS.50740.1.S1_X\_AT0.51**2.742.94LOC_Os01g64090**OSAFFX.2398.1.S1_ATRibosomal protein L1p/L10e0AT1G08360.1-0.01**1.271.33LOC_Os01g69950**OS.4997.1.S1_S\_ATRibosomal protein L272.00E-58AT5G40950.10.2**1.081.38**OS.51456.1.S1_AT0.02**1.21.14LOC_Os07g12250**OS.14565.1.S1_ATRibosomal protein L240AT2G36620.10.06**1.091.22Aminoacyl-tRNA synthetasesLOC_Os01g06510**OS.46028.1.S1_ATArginyl-tRNA synthetase0AT4G26300.1-0.14**1.871.55LOC_Os01g37837**OS.5952.2.S1_S\_ATseryl-tRNA synthetase, putative, expressed2.00E-79AT5G27470.1-0.1**1.11.08LOC_Os01g54020**OS.14456.1.S1_ATtRNA synthetase2.00E-147AT2G25840.3-0.41**1.831.37LOC_Os02g09100**OSAFFX.2548.1.S1_ATIsoleucyl-tRNA synthetase0AT4G10320.1-0.63**2.66**2.09**LOC_Os03g02100**OS.33311.1.S1_ATvalyl-tRNA synthetase0AT1G14610.1-0.26**2.011.71LOC_Os03g38980**OS.27850.1.S1_ATtRNA synthetases class II domain containing protein0AT3G11710.10**1.191.2LOC_Os10g10244**OS.11722.1.S1_A\_ATalanyl-tRNA synthetase0AT1G50200.2-0.13**1.15**1**Translation terminationLOC_Os04g20220**OS.16925.1.S2_ATElongation factor Tu0AT1G18070.3-0.07**1.01**0.97OS.7254.1.S1_AT0.01**1.231.34LOC_Os05g19630**OS.7254.2.S1_X\_ATPeptide chain release factor protein4.00E-141AT2G47020.2-0.13**1.241.09Other translation factorsLOC_Os09g06230**OS.46327.1.S1_ATserine/threonine-protein kinase 168.00E-138AT5G08160.20**1.421.23LOC_Os05g05450**OS.18996.1.S1_ATMA3 domain containing protein2.00E-159AT5G17930.1-0.3**1.31.13LOC_Os06g10620**OS.6853.1.S1_ATTranscription elongation factor SPT5 homolog 10AT4G08350.1-0.18**1.07**0.97HH and HL refer to H1493 plants grown at high temperature and low temperature, respectively, while Co27H and Co27L refer to TGMS-Co27 plants grown at high temperature and low temperature, respectively. Significant changes (p-value \< 0.05; fold change ≥ 2) are indicated by boldface.

As mentioned, TGMS-Co27 plants accumulated UGPase protein in their inflorescences at low temperature although the *Ugp1* gene was cosuppressed in them and small amounts of correctly spliced *Ugp1* mRNAs were detected by PCR (but not northern blotting). Thus, we predicted that some DEGs between Co27HT and Co27LT involved in translational processes may be important for the accumulation of UGPase protein in Co27LT. In this section, we mainly discuss the "key regulatory" genes of this type that we identified. Translational control of existing mRNAs allows for more rapid changes in cellular concentrations of the encoded proteins than transcriptional or post-transcriptional regulation. The translation process can be divided into initiation, elongation, termination, and ribosome recycling, but translation initiation is the most important stage for the regulation of protein synthesis \[[@CR82], [@CR83]\]. This involves the assembly of elongation-competent 80S ribosomes (each consisting of a large 60S subunit and a small 40S subunit) and requires at least nine eukaryotic initiation factors (eIFs), numbered eIF1-9 \[[@CR83]\]. The 40S subunit first binds eIF3 and an eIF2-GTP-initiator transfer RNA ternary complex, then the 48S initiation complex is assembled with the help of many eIFs via numerous steps \[[@CR83]\]. eIF5B (*LOC_Os05g51500*), which was most strongly expressed in both rice lines at low temperature, is essential for the binding of 60S subunits and dissociation of eIF1, eIF1A, eIF3 and residual eIF2--GDP \[[@CR84]\]. Ribosomes play a basic housekeeping role in global translation. Four genes encoding ribosomal proteins (*LOC_Os08g03450*, *LOC_Os01g64090*, *LOC_Os01g69950* and *LOC_Os07g12250*, encoding L37, L1p/L10e, L27 and L24, respectively) were up-regulated in both rice lines at low temperature. Previous studies have shown that the expression of the 60S ribosomal protein L37 and two 40S ribosomal proteins of Arabidopsis increases during low-temperature treatment, indicating that they might enhance translation or support proper ribosome assembly and functions at low temperatures \[[@CR85]\]. Thus, eIF5B and the four ribosomal proteins that we found to be induced by low temperature may enhance translation of *Ugp1* transcripts in low-temperature conditions. In addition, there are recent indications that ribosomal protein genes have regulatory roles in plant development \[[@CR86], [@CR87]\].

Aminoacyl-tRNA synthetases (ARSs) are housekeeping enzymes that are essential for protein synthesis and have many other functions including participation in DNA replication, RNA splicing and eukaryotic cell processes related to cytokine function and cell cycle control \[[@CR88]\]. Several ARS genes are reportedly involved in gametogenesis and embryo development in Arabidopsis \[[@CR89]\]. Seven ARSs were up-regulated in Co27LT relative to Co27HT, and may be essential for the accumulation of UGPase protein in Co27LT. Another gene induced in Co27LT, which may play a role in translational termination, encodes the eukaryotic elongation factor Tu (eEF-Tu, *LOC_Os04g20220*). Homologous proteins are the most abundant proteins in most bacterial cells and have established roles in translation and other processes, including cell shape maintenance \[[@CR90]\]. Nascent polypeptide chains should be released from peptidyl-tRNA when the ribosome encounters a stop signal in the mRNA being translated. Peptide chain release factor proteins play an essential role in this process \[[@CR91]\]. *LOC_Os05g19630* encodes a peptide chain release factor protein and was up-regulated in Co27LT. Thus, together with the *eEF-Tu* gene it may play an important role in the termination of UGPase protein translation.

In summary, eIF5B, four ribosomal proteins (L37, L1p/L10e, L27 and L24), seven ARSs, eEF-Tu and a peptide chain release factor protein may play significant translational roles in TGMS (Table [2](#Tab2){ref-type="table"}).

qRT-PCR analysis {#Sec16}
----------------

To validate our microarray data, qRT-PCR analysis was performed on 12 randomly selected DEGs that are probably important for pollen development, low temperature responses or TGMS (Figure [6](#Fig6){ref-type="fig"}). The results, in terms of relative expression levels among the four sample types, were consistent with the microarray data, especially for LOC_Os01g04370, LOC_Os03g52860, LOC_Os04g43200, LOC_Os02g39720, LOC_Os09g06230 and LOC_Os11g07500, although differences in expression levels of other genes were smaller than those detected in the microarray analysis. Overall, we conclude that our microarray data are highly credible.Figure 6**Quantitative RT-PCR verification of expression patterns of differentially expressed genes detected in the microarray analysis.** The black bars represent the strength of expression of the genes in indicated samples according to the microarray data while the white bars represent corresponding quantitative RT-PCR results. Significant differences are indicated by \*P \< 0.05, \*\*P \< 0.01 (Student's t-test). The sample names are the same as those in Table [2](#Tab2){ref-type="table"}.

Conclusions {#Sec17}
===========

Our microarray analysis revealed that temperature strongly influences global gene expression, indicating that plants may fine-tune their expression profiles in adaptive responses to temperature changes that optimize their growth and reproduction processes. Numerous genes involved in pollen development, particularly genes required for cell wall biosynthesis, were repressed in TGMS-Co27 plants at high temperature. We also identified a cluster of temperature-inducible genes (designated cluster 15 here) that appear to be vital for sterility transition. Many enriched genes of this cluster are associated with the meiosis stage, indicating that low temperature may be a common regulator of fertility alterations in PGMS/TGMS rice lines. In combination with previous findings, our results also indicate that RS-containing zinc finger proteins, PTBs, DEAD/DEAH box RNA helicases, ZOS, polyadenylate-binding proteins, and some other RRM-containing proteins play key post-transcriptional roles in the male sterility of TGMS-Co27 plants, while eIF5B, several ribosomal proteins (L37, L1p/L10e, L27 and L24), ARSs, eEF-Tu and a peptide chain release factor protein play important translational roles. However, further studies are needed to verify the functions of these candidate genes and improve our understanding of TGMS mechanisms.

Availability of supporting data {#Sec18}
-------------------------------

The complete microarray data sets supporting the results presented herein have been deposited in the NCBI's Gene Expression Omnibus \[[@CR92]\] and are accessible using GEO Series accession number GSE56779.
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Additional file 1: **Primers used in all PCR experiments.** (XLS 30 KB)

###### 

Additional file 2: Figure S1: RNA gel blot analysis of *Ugp1* transcript levels in meiosis-stage florets. The RNA gel blot was hybridized with corresponding *Ugp1* probes. Arrowheads indicate: (1) the unprocessed longer-than-full-length transcript; (2) endogenous *Ugp1* mRNA; (3) silencing-related RNA degradation intermediates. Loading of equal amounts of RNA was confirmed by ethidium bromide staining. H1493 refers to a mixture (in equal proportions) of total RNAs from H1493 plants grown at high temperature and low temperature. Co27HT and Co27LT refer to TGMS-Co27 plants grown at high temperature and low temperature, respectively. **Figure S2.** GO slimes of functional categorization of DEGs related to stress responses. The abscissa represents the number of corresponding genes in clusters 10 and 15 (genes down-regulated and up-regulated by different environmental conditions). **Figure S3.** Heatmap of the expression of TGMS-related genes in the four sample types. H1493HT and H1493LT refer to H1493 plants grown at high temperature and low temperature, respectively. Co27HT and Co27LT refer to TGMS-Co27 plants grown at high temperature and low temperature, respectively. **Figure S4.** Semi-quantitative RT-PCR analysis of the expression and splicing patterns of selected serine/arginine-rich (*SR*) genes. The names of the genes are shown on the left of each panel. An equal quantity of template in each reaction was verified by amplifying a constitutively expressed actin. **Table S1.** Pollen development-related genes that were repressed in TGMS-Co27 plants at high temperature. HH and HL refer to H1493 plants grown at high temperature and low temperature, respectively, while Co27H and Co27L refer to TGMS-Co27 plants grown at high temperature and low temperature, respectively. Significant changes (p-value \< 0.05; fold change ≥ 2) are indicated by boldface. (PDF 506 KB)
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Additional file 3: **All differentially expressed genes, shown in Figure** [2](#Fig2){ref-type="fig"} **C, detected by microarray analyses.** (XLS 7 MB)
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Additional file 4: **Gene ontology (GO) categories and enrichment of the up-regulated and down-regulated DEGs between TGMS-Co27 and H1493 plants grown at high temperature (Co27HT vs. H1493HT).** (XLS 2 MB)

###### 

Additional file 5: **Pollen development-related genes.** This file lists pollen development-related DEGs and their gene ontology (GO) categories. (XLS 38 KB)

###### 

Additional file 6: **Results of series-cluster analysis of DEGs between TGMS-Co27 plants grown at high temperature and at low temperature, showing the genes in all 25 clusters.** The profile number indicates the cluster number. (XLS 5 MB)

###### 

Additional file 7: **Gene ontology (GO) categories and enrichment of the DEGs included in the six main clusters shown in Figure** [4](#Fig4){ref-type="fig"} **.** (XLS 9 MB)

###### 

Additional file 8: **Details of the 156 DEGs, including GO categories and cluster numbers, apparently involved in the TGMS of TGMS-Co27.** (XLS 269 KB)

###### 

Additional file 9: **Details of the co-expression network of the 156 TGMS-related genes, showing attributes of all 156 genes, including their degrees and "k core-scores".** Fifty-eight with k core-scores exceeding 20 are considered to be key regulators of male sterility in TGMS-Co27. Profiles of these 58 genes were analyzed and the key regulators were classed into two groups by their working level. (XLS 340 KB)
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